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Abstract：Aircraft single-hit vulnerability/survivability is usually expressed as the probability of kill or the 
vulnerable area in case of being given a random threat (e.g. a fragment) hit on the aircraft. In this paper, intro-
ducing the “equivalent target method” in lethality field into the aircraft vulnerability assessment, a generic vul-
nerability calculation model is proposed. In order for a good representation of reality, the model considers the 
threat change of state-of-motion during the threat penetrating into the components successively. Application 
shows that the proposed generic model has solved the Pk/h (probability of kill given by a hit on the component) 
calculation problem in aircraft vulnerability assessment, and is easier to be computerized than other commonly 
used models.  
Key words：vulnerability；equivalent target；survivability；probability of kill；vulnerable area  
基于等效靶方法的飞机单击中易损性通用计算模型. 裴  扬, 宋笔锋, 韩  庆. 中国航空学报(英文
版), 2006,19(3): 183-189. 
摘  要：飞机单击中易损性/生存力经常表示为飞机在给定一次威胁（例如碎片）随机打击条件下
的杀伤概率及易损面积结果。本文将弹药威力评估领域中的“等效靶”方法引入到飞机易损性评
估中，提出了一种飞机在弹丸或导弹碎片单次打击下的杀伤概率及易损面积的通用计算模型。为
了更加反映真实情况，该模型考虑了一枚碎片（弹丸）连续穿透部件后运动状态变化的影响。应
用中表明，所提出的通用模型解决了易损性评估中 Pk/h（部件给定打击下的杀伤概率）的计算问
题，与其它通常采用的单击中模型相比更容易实现计算机化。 
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Aircraft Combat Survivability (ACS) is defined 
here as the capability of an aircraft to avoid or with-
stand a man-made hostile environment[1-3]. Surviv-
ability is composed of susceptibility and vulnerabil-
ity. The probability of kill of the aircraft PK (the 
aircraft killability) is the product of the probability 
of hit (the aircraft susceptibility) PH and the condi-
tional probability of kill given by a hit (the aircraft 
vulnerability) PK/H[3]. Thus, 
PK=PH PK/H             （1） 
The probability of aircraft surviving the man-made 
hostile environment PS is 
KS 1 PP −=              （2） 
Aircraft vulnerability assessment is an essential 
part in aircraft combat survivability discipline.  
At present, many models and methods have 
been developed for vulnerability assessment, such 
as single-hit vulnerability calculation model[1-4], 
Markov-Chain or Tree-Diagram approach[2,5] and 
improved Markov-Chain model[6] for multiple-hit 
vulnerability calculation, simplified method for air-
craft vulnerability calculation at missile spray frag-
ments[2,3], and blast envelops for aircraft blast vul-
nerability[2,3,7], et.al. There are four models for cal-
culating the single-hit vulnerability[3], namely non-
redundant nooverlapping model, nonredundant 
overlapping model, redundant nooverlapping model, 
and redundant overlapping model. But the four 
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models have two shortcomings: (1) All the models 
are built assuming that the probability of kill given 
by a random hit on each component Pk/h is known. 
The determination of the Pk/h for each component is 
a very difficult undertaking[3]. For some components, 
the Pk/h can be got through live fire tests, which 
sometimes is costly and time-consuming. However, 
for some components, such as pilot (pilot is often a 
critical component of aircraft), the Pk/hs cannot be 
obtained through live fire tests. (2) In the aircraft 
vulnerability assessment, the shielding and masking 
among components change constantly along with the 
change of hit aspect, and the actual location relation-
ships among components are usually the combination 
of the four cases of the above models, so the com-
monly used independent four models are not easy to 
be computerized for vulnerability analysis. 
In this paper, introducing the “equivalent target 
method”[8-11] in lethality field into the aircraft vul-
nerability assessment, a generic calculation model is 
proposed to solve the two problems mentioned 
above. In order to provide a realistic vulnerability 
assessment, the proposed model considers the threat 
change of state-of-motion during the threat pene-
trating the components successively. 
1  Equivalent Target Model of Component 
Aircraft is a very complex system consisting 
thousands of components which are different in 
geometry and kill mode. It is impossible in time and 
cost to study and determine the Pk/h of each 
component though the live test. At present, the 
“equivalent target” of component is commonly used 
in the lethality assessment in China[8-11]. “Equivalent 
target” refers to a structue which simulates the 
target’s kill charateristics for a certain damage 
mechanism. It should be noted that the forms of 
“equivalent target” of a component are different for 
different damage mechanisms. For example, the 
“pine target”[5] with the length of 0.5 m, width of 
0.025 m and height of 1.5 m, is used to simulate the 
combatant at the threat of fragment, but it is not 
valid for other mechanisms such as blast or 
chemical weapons. 
This paper introduces the “equivalent target” 
method into the aircraft vulnerability assessment. 
The procedure for constructing the “equivalent tar-
get” of component is as follows： 
(1) Divide all the components of the aircraft 
into critical components and non-critical compo-
nents, and determine the redundant characteristics 
of critical components. Critical component identifi-
cation method can be found in Ref.[12]. 
(2) The “equivalent target” of non-critical 
component is used to calculate the obstacle effect on 
the threat. The “equivalent target” of critical com-
ponent is used to calculate the vulnerable area and 
probability of kill of aircraft, besides calculating the 
obstacle effect. 
(3) In order for a good representation of reality, 
the geometry of each component is approximated by 
finite elements, and the thickness of each element is 
equated to homogeneous material (Aluminum 
2024T-3) thickness. The reasons for equating to the 
Aluminum material are: ①  the currently used 
penetration equations are most apt to metal materi-
als, especially to Aluminum. ② the currently used 
experiential formulas for calculating the probability 
of kill given by a hit on component are most apt to 
the components composed of Aluminum material. 
 The followings give the determination of the 
equivalent thickness of each finite element. 
(ⅰ) When the material of the component is 
Aluminum 2024 T-3, the thickness of the finite ele-
ment is the actual thickness of the component. 
(ⅱ) When the material of the component is 
not Aluminum 2024 T-3, the equivalent hci (mm) 
of the element with the actual material thickness 
ih (mm) is
 [9] 
i
ii
ii
i hh
3/2
bcbc
b
c ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ρσ
ρσ            (3) 
where ibσ  is the ultimate stress of the actual 
material, ibcσ  is the ultimate stress of the Aluminum 
2024 T-3, iρ  is the density of the actual material, 
and ibcρ  is the density of the Aluminum 2024 T-3. 
(ⅲ) When the finite element of the component 
is composed of several paches with different 
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thicknesses, the equivalent thickness t  may be 
obtained using the weighted average method [10]  
∑∑
==
= M
i
i
M
i
ii sstt
11
                (4) 
where it  and is  refer to the thickness and area of 
the ith patch of the element, respectively, and M is 
the number of the patches. 
2  Generic Vulnerability Calculation 
Method for Aircraft Equivalent Model 
When computing the single-hit vulnerability of 
an aircraft, the assumptions[3] are made that there is 
no capability for the enemy to direct hits to any one 
particular component, subsystem, or part of the 
aircraft, and that the damage mechanisms travel 
along parallel shotlines and no ricochet occurs. The 
two above assumptions are not necessary, but they 
make ease for explaining the proposed method. The 
vulnerability of the aircraft for a particular threat 
aspect is usually expressed as the probability of  
kill of aircraft given by a uniformly distributed hit 
anywhere on the presented area of the aircraft PK/H, 
or as the single-hit vulnerable area of the aircraft AV. 
PK/H is related to AV by 
PK/H = AV /AP             (5) 
where AP denotes the projected area of aircraft in the 
plane normal to the approach direction of threat. 
      The AP and AV can be determined by the 
“shot line scanning algorithm”[3,13] as is shown in 
Figs.1 and 2. In Fig.1, the algorithm superimposes a 
planar grid with the grid cell over the quadrilateral 
finite element model of aircraft and generates a 
shot line in each grid cell. Through scanning the 
aircraft surfaces from shot line 1 to shot line N, the 
number of grid cells on the aircraft is counted and 
multiplied by the grid cell area to determine the 
presented area AP. 
Fig.2 shows the aircraft vulnerable area 
calculation algorithm. AV is expressed as 
∑
=
⋅= N
j
abPA
j
1
k/hV              (6) 
Hence, the probability of kill of aircraft is  
P
1
k/hPVK/H /)(/ AaPAAP
N
j
j∑= ⋅== b       (7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Eqs.(6) and (7)，a and b are the scanning 
steps in the horizontal and vertical direction, respec-
tively, and at choice of the steps the error require-
ment and the speed of computer must be considered
（In the following example, 1 cm is chosen for a 
and b）. jPk/h  is the “grid cell” probability of kill 
given by the jth  threat shotline hit on the cell. The 
calculation methods of jPk/h  in the four models 
mentioned above and their applicabilities are listed 
in Table 1. 
As mentioned previously, the four models usu-
ally adopted are not easy to be used in computer 
calculation for the cases in which the four models 
are combined in an arbitrary manner, a generic cal-
culation model is proposed to be formulated as  
j
Pk/h =1- ∏ ∏∏
= ==
−− 3 21
1 1
k/h
1
k/h )1()1(
C
l
C
m
C
i
l
m
l
i
PP     (8) 
From Eq.(8), it can be seen that: when 3C =0 
and 1C =1, Eq.(8) becomes the formula for calcu-
lating the probability of kill given by a hit on the 
model of nonredundant component which no com-
ponent overlaps；If 3C =0 and 1C >1, Eq.(8) re-
duces to the formula for calculating the probability 
of kill given by a hit on the model of nonredundant 
components which overlap; and for 1C =0  
Fig.1  Presected area calculation algorithm 
Fig.2  Vulnerable area calculation algorithm 
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Table 1  Four single-hit vulnerability calculation models 
Model jPk/h  Applicability 
Nonredundant noo-
verlapping 
1k/h
P  
Only one nonredundant critical component in the grid cell whose probability of kill is 
1k/h
P . 
Nonredundant over-
lapping 
1-∏
=
−
1
1
k/h )1(
C
i
i
P  
Only 1C nonredundant critical components in the grid cell and overlapping. The prob-
ability of kill for the ith component is 
i
Pk/h . 
Redundant 
nooverlapping 
0 Only one redundant critical component in the grid cell. 
Redundant  
overlapping 
1-∏ ∏
= =
−
3 2
11
k/h
)1(
C
l
Cl
m
l
m
P  
Only 3C redundant critical sets in the grid cell and overlapping. 
lC2  is the total 
number of components in the lth redundant set, and the probability of kill of the mth 
component of the lth set is l
m
Pk/h . 
and 3C >0, Eq.(8) transforms into the formula for 
calculating the probability of kill given by a hit on 
the model of redundant components which overlap. 
Eq.(8) is also applied to the model of redundant 
component with nooverlapping. In sum, Eq.(8) pro-
vides a general method for calculating the aircraft 
single-hit vulnerability and is easy to be computer-
ized. 
3 Component Probability of Kill Given By 
A Hit 
By assuming each of the aircraft components 
equivalent to the “equivalent target”, the probability 
of kill given by a threat hit on the ith 
component iPk/h can be given using the empirical 
formulas. According to the different kill modes, 
such as penetration, fire, and blast, different kill 
probability formulas are provided in Ref.[14]. For 
example, the penetration kill probability formula of 
“equivalent target” at fragment threat is 
,e96.2e65.21
0
bb 14.035.0k/h EEi
P −− −+= ⎭⎬
⎫
5.4
5.4
b
b
E
E       (9) 
where bE )mm/)m/cmkg((
2⋅ is the specific kinetic 
energy of “equivalent target” in the unit perforation 
thickness expressed as 
       
Sh
vmE
2
2
ff
b =              (10) 
Where fm  is the mass of the fragment (kg), fv  is 
the relative velocity of fragment to the target (m/s), 
S  is expected fragment contact area with target, 
and 3/2fmS φ= , where φ  is the shape coefficient. 
For a spherical steel fragment, =φ  
)kgm(1007.3 3/223 −⋅× − , h is the perforation thick-
ness of the entrance face of the equivalent target 
(mm), and θδ cos/=h , where δ  and θ  are the 
thickness of the equivalent target and the angle of 
obliquity, respectively. 
4  Threat Change of State-of-Motion 
After the threat penetrates the aircraft’s outer 
skin, a component beneath the skin in the direction 
of travel will be subsequently hit by the reduced 
velocity and mass threat. If the residual velocity 
after the threat travels through the outer skin is 
above V50, the ballistic limit, for the impacted plate 
beneath the outer skin, threat through that 
component plate is assumed to occur, and the 
velocity, and possibly the mass, of the threat is 
again reduced. A similar situation exits for any 
subsequent hits on components in the direction of 
threat travel. Eventually, the threat either exits on 
the aircraft, or comes to rest somewhere inside the 
aircraft, or is buried inside a component[3]. In this 
paper, without any loss of generality, it is assumed 
that the threat travels along a straight path (See 
Ref.[15] for a more accurate trajectory), and when 
the velocity of threat is less than V50 the threat has 
no kill effect. 
Fig.3 represents the equivalent target  
 
 
 
 
 
 
≤ 
> 
Fig.3  Equivalent target vulnerability model
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vulnerability assessment model. In this figure, a 
given shotline successively penetrates three critical 
components. The shotline with the initial entrance 
velocity Vr and mass Wr penetrates the outer skin of 
aircraft, and then with the residual velocity V0 and 
mass W0 penetrates components 1, 2, and 3 
successively. Finally, it reaches the skin of aircraft 
with the residual velocity Ve and mass We. 
The V50, and the residual velocity reV , and the 
weight reW , for general fragments impacting the Alu-
minum alloy 2024 T-3 can be given in the form [3] 
(penetration equations for other threats may be found 
in Ref.[15]) 
098.1
f
941.0903.0
f
185.6
50 )(sec)(10 θδ −= WAV    (11) 
139.0251.1072.1
f
029.1
f
047.7
re )(sec)(10
−−−= VWAVV θδ  
(12) 
901.1361.0694.0
f
227.0
f
663.6
fre )(sec)(10 VWAWW
−−−= θδ     
(13) 
where V and Wf is the initial impact velocity (ft/s) 
and weight (grain) respectively, the unit of δ  is 
inch, and Af is the impact area(in2). For a spherical 
fragment[3]， 
2
f 785.0 dA =             （14） 
where d is the fragment diameter(in). 
5  Example 
This example will give a single-hit vulnerabil-
ity assessment of a fighter aircraft (the geometrical 
model is shown in Fig.1. 
5.1  Original data 
Suppose a steel spherical fragment (weight 6-g 
and velocity 1000 m/s) of a missile impacts the ex-
ample aircraft. Using the aircraft critical component 
identification software (DMECA)[12], 55 critical 
components and 36 non-critical components of the 
example aircraft are determined. The aircraft in-
cludes two critical redundant sets. One consists of 
two mutually redundant components 12 and 13, and 
the other consists of four mutually redundant com-
ponents 21, 22, 23, and 24.  The geometry of each 
component is approximated by finite elements 
shown in Fig.2. 
5.2  Twenty-six standard threat aspects 
For a minimum level, the six majors aspects, 
front, back, left, right, top, and bottom, are usually 
considered in the aircraft vulnerability assessment. 
When a more detailed or a computerized analysis is 
performed, 26 views (the six major aspects and all 45
°angles from the major six) are usually assessed [1,3]. 
This example will give the vulnerability as-
sessment results of the 26 standard aspects defined 
as follows. As is shown in Fig.4, the threat (shotline 
OP) aspect can be expressed as the combination of 
the angle of elevation, E (-90°-90°), which is de-
fined as the angle QOP made by the approach OP of 
the threat and the X-Y plane, and the angle of azi-
muth, A (0°-360°), which is defined as the angle 
XOQ between the projection OQ of the path of the 
threat on the X-Y plane and the X axis and increases 
counterclockwise from the X axis. The definitions of 
the 26 standard aspects using the combination of A 
and E are listed in Table 2.  
 
 
 
 
 
 
 
 
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 
E 0 0 0 0 0 0 0 0 45 45 45 45 45 
A 0 45 90 135 180 225 270 315 0 45 90 135 180 
No. 14 15 16 17 18 19 20 21 22 23 24 25 26 
E 45 45 45 -45 -45 -45 -45 -45 -45 -45 -45 90 -90 
A 225 270 315 0 45 90 135 180 225 270 315 0 0 
Table 2  Twenty-six stand aspects(degree) 
Fig.4  Definition of the aspect 
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5.3  Vulnerability calculation results 
According to the proposed generic model de-
scribed above, the example aircraft vulnerable area 
and probability of kill given by a random hit on the 
aircraft at the 26 standard aspects are shown in 
Figs.5 and 6. It can be seen from the two figures 
that the example aircraft has the max probability of 
kill with the value of 0.19 at Aspect No.2 (E=0，
A=45) and has the max vulnerable area with the 
value of 14.43 m2 at Aspect No.12 (E=45，A=135). 
The results are useful to adopt the vulnerability re-
duction techniques in the aircraft conceptual design 
for the threat aspect with the max vulnerable area or 
the max kill probability considering the possible 
aircraft mission and threat attack aspects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The example also can give the comparison of 
the relative vulnerabilities of the 55 critical compo-
nents at the 26 threat aspects. Just as the vulnerable 
area of each component for example, in the aircraft 
vulnerability assessment, vulnerable area of each 
component provides the measurement of the contri-
bution of each component to the whole aircraft vul-
nerability. Fig.7 gives the average component vul-
nerable area of the 26 aspects. The figure shows that 
components 12, 13,14, 15 and 18 have bigger vul-
nerable areas than others. Since components 12 and 
13 are mutually redundant, their contributions to 
aircraft vulnerability have been reduced through 
“redundant concept” [3]. However, components 14, 
15 and 16 are nonredundant critical components, 
and their contributions to aircraft vulnerability may 
be reduced by adopting one or more of the six re-
duction concepts[3] such as component redundancy 
with separation, component location, passive dam-
age suppression, active damage suppression, com-
ponent shielding, and component elimination or 
replacement[3]. 
 
 
 
 
 
 
 
 
 
 
6  Conclusions and Recommendations 
This paper introduces the “equivalent target 
method” in lethality field into the aircraft vulner-
ability assessment and proposes a generic aircraft 
single-hit vulnerability calculation model. The 
model has the following advantages: (1) the“equiva-
lent target method” is used to solve the Pk/h 
calculation problem; (2) the generic model, which 
includes the four commonly used models, is 
applicable to more general cases and is easy for 
computer simulation; (3) in order for a good repre-
sentation of reality, the model considers the threat 
change of state-of-motion after the threat penetrates 
the components successively; (4) simplifying the 
complex aircraft into the “equivalent target” not 
only facilitates the vulnerability analysis, but also 
focuses the researchers and designers’attentions to 
the study of the damage mechanisms of the equiva-
lent target at great depth. 
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